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(54) Gallium nitride single crystal substrate and method of producing the same 



(57) An n-type GaN substrate having a safe n-type 
dopant instead of Si which is introduced by perilous 
silane gas. The safe n-dopant is oxygen. An oxygen 
doped n-type GaN free-standing crystal is made by 
forming a mask on a GaAs substrate, making apertures 
on the mask for revealing the undercoat GaAs, growing 
GaN films through the apertures of the mask epitaxially 
on the GaAs substrate from a material gas including 
oxygen, further growing the GaN film also upon the 
mask for covering the mask, eliminating the GaAs sub- 
strate and the mask, and isolating a freestanding GaN 
single crystal. The GaN is an n-type crystal having car- 
riers in proportion to the oxygen concentration. 
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Description 

[0001 ] This invention relates to a gallium nitride (GaN) 
single crystal substrate and a method of making same 
for producing a light emitting diode (LED) and a laser 
diode (LD) or a field effect transistor (FET) making use 
of the group III - V nitride compound semiconductors, in 
particular, to an n-type GaN substrate and a method of 
making the n-type GaN substrate. In this description, 
the impurity which determines the conduction type of a 
semiconductor is called a dopant for discerning the con- 
duction-type determined impurity from the other impuri- 
ties. 

[0002] Among the periodic-table group lll-V com- 
pound semiconductors, large substrate crystals can be 
produced only for gallium arsenide (GaAs), indium 
phosphide (InP) and Gallium phosphide (GaP). These 
semiconductors allow us to produce large-scaled bulk 
crystals by the Bridgman method or the CzochralsW 
method. Substrate wafers are prepared by slicing the 
large and long single crystal ingots of GaAs, InP or GaP. 
There is not a matured technology for growing a large 
single crystal of gallium nitride (GaN) yet. 
[0003] Gallium nitride (GaN) is important as a material 
of blue-light emitting devices due to the wide band gap. 
Since any GaN wafer has never existed yet, foreign 
materials are employed as a substrate of light emitting 
devices (LDs or LEDs). Blue light LEDs or LDs can be 
made by heteroepitaxially depositing GaN films or other 
nitride films on a pertinent foreign material. The lattice 
constants and the lattice structures are different 
between the nitride film materials and the substrate 
material. The different lattice constants and the different 
lattice structures produce a plenty of defects in the gal- 
lium nitride (GaN) film. Despite the large density of 
defects, the GaN LED can emit strong blue light. The 
lifetime of the GaN LED is long enough. The ability of 
making strong blue light in spite of many defects is a 
strange and miraculous property of GaN. The high 
resistance against the defects is quite different from 
other lll-V compound semiconductors .e.g., gallium 
arsenide (GaAs) or indium phosphide (InP) which has 
ardently required a thoroughgoing decrease of defect 
density. 

[0004] Here, the nitride semiconductor means a 
restricted concept of a lll-V semiconductor including 
AIN, InN, GaN and a mixture of AIN, InN and GaN at 
arbitrary rates. The main part is GaN in any cases. The 
active layer including In, Ga and N at a pertinent rate is 
written as GalnN in brief 

[0005] A prior LED of the nitride semiconductor 
employs a sapphire single crystal as a substrate. The 
LED based on the nitride semiconductor is made by pil- 
ing epitaxially GaN films or GaN-Hke films upon the sap- 
phire substrate by the MOCVD (metallorganic chemical 
vapor deposition) method. The MOCVD method selects 
a gallium-including metallorganic compound and 
ammonia (NH 3 ) as starting materials and directly 



makes the Ga-including metallorganic compound react 
with ammonia (NH 3 ) for producing a GaN film. Silane 
gas (SiH 4 ) should be added to the material gas for mak- 
ing an n-type GaN film. Si plays the role of the n-type 

5 dopant in the GaN film. 

[0006] A GaN substrate should be the best substrate 
for GaN films from the stand point of the common lattice 
constant and the common lattice structure. But a large 
GaN substrate cannot be produced at present yet. The 

w impossibility of making a GaN substrate forces the man- 
ufacturers to adopt a sapphire substrate for making blue 
GalnN LEDs. Sapphire has some advantages as a sub- 
strate. Sapphire is a stable and rigid material. Sapphire 
has high chemical resistance and high heat-resistance. 

15 Although the discrepancy of lattice constants between 
sapphire and GaN is large, the sapphire substrate 
allows the manufacturers to produce GaN films of an 
excellent property. In addition, sapphire is an inexpen- 
sive material. Sapphire wafers are sold on the market. 

20 Easy access is also an advantage of sapphire. For 
these reasons, sapphire is exclusively used as a sub- 
strate for GaN-like devices at present on an industrial 
scale. Other material substrates have been sometimes 
proposed on a laboratory scale. However, the sub- 

25 strates of GaN light emitting devices on the market are 
sapphire without exception. 

[0007] Sapphire has some weak points. One of the 
drawbacks is the lack of cleavage planes. Another is 
extreme rigidity. A further weak point is electrical insula- 
30 tion. Non-cleavage, rigidity and insulation are draw- 
backs of sapphire as a substrate material. In general, 
conventional laser diodes have exploited natural, paral- 
lel cleavage planes as mirrors of a resonator. In fact, 
GaAs lasers and InP lasers make the best use of the 
35 natural cleavage planes as a resonator. Natural cleav- 
age enables manufacturer to cut a single crystal easily 
and neatly for making mirror planes. The cleavage 
planes enjoy high reflection. Since sapphire has no 
cleavage plane, the sapphire wafer is cut by a mechan- 
ic ical cutter for separating a processed sapphire wafer 
into LED chips. It is difficult to cut the sapphire wafer 
due to the rigidity and the non-cleavage. The as-cut 
planes are still rough. The cut planes must be further 
polished for raising a reflection rate. Parallel polished 
45 planes are assigned as resonator mirrors of an LD. The 
mechanical polished surface is inferior to the natural 
cleavage planes in the reflection property. The reflection 
rate of the forcibly polished surface is still lower than that 
of the natural cleavage plane. This is an extra drawback 
so of making a laser diode of GalnN. 

[0008] An LED (light emitting diode) has no resonator. 
The LED is free from the difficulty of the low reflection. 
However, the lack of cleavage casts a shadow also on 
the LED for another reason. The non-cleavage raises 
55 the difficulty of dicing the sapphire wafer into chips. The 
difficulty of dicing raises the cost of producing GalnN 
LEDs. If the sapphire wafer had cleavage planes, the 
wafer would be far easily diced into plenty of chips. The 
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greatest drawback of the sapphire substrate is the lack 
of cleavage in any cases. 

[0009] Someone studies a GalnN LED utilizing silicon 
carbide (SiC) as a substrate instead of sapphire (AI2O3) 
for overcoming the difficulty of the non-cleavage. SiC 
has a lattice constant similar to GaN and high heat 
resistance. SiC allows GaN to grow epitaxially thereon. 
SiC has cleavage planes which would ensure facile dic- 
ing and serve resonant mirror planes in an LD. SiC is 
superior to sapphire in cleavage. SiC is, however, a 
highly expensive material. There is no matured technol- 
ogy of producing SiC bulk single crystals on a large 
scale yet. The difficulty of supply would raise the cost of 
GalnN LEDs. if GalnN films were to be piled upon an 
SiC substrate. The present technology cannot produce 
SiC-based GalnN LEDs on a large scale at a lower cost 
than sapphire-based GalnN LEDs. There is poor proba- 
bility for SiC substrates in overcoming sapphire sub- 
strates. SiC is not a promising material as a substrate of 
GaN-like semiconductors. 

[001 0] The sapphire substrate induces a problem of a 
big defect density in the epitaxial GaN-like films due to 
the difference of the lattice constant between GaN and 
sapphire (Al 2 0 3 ). In fact, dislocations of a high density 
(about 10 9 cm' 2 ) are included in the GaN epitaxial films 
of the GaN devices (LEDs) on sale. In the case of GaAs, 
the GaAs bulk single crystal made by the Czochralski 
method had contained about 10 4 cm" 2 defects and the 
GaAs single epitaxial film had included less defect den- 
sity than the GaAs bulk single crystal. But, 1 0 4 cm' 2 was 
too high defect density to make a practical GaAs device. 
Intensive efforts had been made to reduce the defects 
in GaAs crystals. Unlike GaAs, the GaN device on the 
sapphire substrate acts as a good LED in spite of the 
surprisingly high defect density of 10 9 cm" 2 . GaN on 
sapphire is a miraculous, strange extraordinary mate- 
rial. The enormous density of defects does not hinder 
GalnN LEDs from emitting beams. In the case of a 
GalnN laser, it is supposed that the high density of 
defects in GaN or GalnN films may restrict the lifetime of 
the laser, because of large current density and big heat 
generation. 

[0011] The reason why GaN epitaxial layers in the 
GalnN blue LED contain about 10 9 cm' 2 dislocations is 
that the substrate is sapphire. The current GalnN LED 
includes the heteroepitaxy of GaN-like films on a sap- 
phire substrate. The differences of the lattice constants 
and the crystal structures bring about enormous dislo- 
cations and other defects. The high density defects 
affect little GaN-like LEDs. 

[001 2] But GalnN LDs are plagued by the highly pop- 
ulated defects due to large current density. Further 
improvements are desired for the GalnN LDs. One way 
is to adhere to the sapphire and to make a lower density 
GaN crystal on the sapphire substrate. It has been con- 
firmed that the lifetime of the LD can be prolonged by 
building the GalnN LD structure upon a tow-defect GaN 
layer epitaxially piled on a sapphire substrate by an ELO 



(Epitaxial Lateral Overgrowth) method instead of 
directly on a sapphire substrate. The intervening GaN 
layer improves the property of the LD. 
[001 3] The ELO is a new technique of covering a sap- 

5 phire wafer with a mask, making apertures on the mask 
and piling GaN on the sapphire wafer within the aper- 
tures till the GaN covers the mask. It was proposed by 
©Electron, Information and Communication Society C- 
II, vol. J81-C-ll,p58-64. 

10 [001 4] 0 alleged that the defect density in the GaN-like 
films on the ELO GaN layer was smaller than the prior 
GaN-like films on the sapphire wafer. The epitaxial lat- 
eral overgrowth (ELO) is explained more in detail. A sin- 
gle crystal sapphire is coated with a mask which has a 

15 function of inhibiting GaN from growing on the mask. 
Parallel stripe apertures are made on the mask by etch- 
ing in a direction of a crystal axis of the sapphire. The 
direction of the stripes is dented by "y-axis". The longi- 
tudinal sides of a stripe aperture are simply designated 

20 by x=kA , x=(k+ c ) A , where k is an integer, A is a spa- 
tial period in the x-direction and eA is a aperture width. 
The direction of the stripe (y-axis) is either [1 1-2] direc- 
tion or [1-10] direction of the sapphire crystal. Since the 
mask has the function of suppressing the growth of 

25 GaN, GaN does not pile upon the mask but piles only on 
the revealed undercoat sapphire. Initially, many small 
isolated GaN nuclei appear on the undercoat sapphire. 
The sapphire undercoat determines the crystallograph- 
ies directions of the nuclei. GaN grains grow around the 

30 GaN nuclei. GaN films are soon formed from the GaN 
grains in the elongated parallel apertures of the mask. 
The GaN films fill the apertures of the stripe mask. 
When the top of the GaN films attain the top of the stripe 
mask, the GaN films begin to grow also in the horizontal 

35 directions upon the mask. 

[001 5] As the isolated GaN films grow further on the 
mask surface, neighboring striped GaN films come in 
contact with each other on the mask. The individual 
GaN films have a common orientation determined by 

40 the undercoat GaAs single crystal substrate. The uni- 
fied GaN films fortunately form a single crystal. The joint 
lines are nearly straight middle lines between the neigh- 
boring stripes. Since the joining GaN films have grown 
independently in the free spaces on the mask aper- 

45 tures, the films are free from inner stress. Little stress 
invites little amount of defects. The GaN films are low 
defect crystals. When neighboring films meet on the 
middle joint lines, stress first appears. But the stress is 
so weak that defects do not increase. As the number of 

so the GaN layer increases, the defects decrease. Thus, 
the GaN film on the stripe-masked sapphire has weaker 
strain than prior GaN film on sapphire. The stripe-mask 
decreases defects in the GaN film on the non-masked 
sapphire. 

55 [0016] CD alleged that the ELO could reduce the 
defects in the GaN film on a sapphire substrate by the 
function of the striped mask. But it is impossible to elim- 
inate the sapphire substrate, since sapphire has high 
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resistance against chemical reactions and high stability 
against heat Sapphire is very hard. There is no means 
of eliminating only the sapphire substrate having high 
rigidity, high heat and chemical resistance. It is also dif- 
ficult to polish the sapphire substrate due to big distor- 
tion of the GaN/sapphire wafer. Since it is impossible to 
remove the sapphire substrate, devices should be made 
on the GaN film adhering to the sapphire wafer. The dif- 
ficulty of dicing appears on the improved ELO GaN film 
on sapphire like conventional GalnN LEDs on sapphire. 
The GaN/sapphire wafer distorts due to the difference 
of thermal expansion coefficients. The distortion dis- 
turbs exact patterning by the photolithography, because 
the photoresist patterns deform. The distortion impedes 
the wafer process for making devices on the GaN films. 
The ELO GaN film on sapphire cannot solve these prob- 
lems at all As long as the sapphire substrate accompa- 
nies the GaN film, the problems of the non-cleavage, 
the difficulty of dicing and the distortion cannot be over- 
come. The hetero-structure of GaN/sapphire should be 
changed. 

[001 7] The optimum substrate for GaN devices would , 
of course, be a GaN bulk crystal. A GaN crystal has 
cleavage planes unlike sapphire. If a GaN film were to 
be piled epitaxially upon a GaN single crystal substrate, 
the defects in the GaN film would be reduced. The 
cleavage would facilitate to dice a wafer into chips. The 
cleavage planes would give high reflection mirrors to a 
resonator of an LD. The GaN/GaN homo-structure 
would suppress distortion. The GaN substrate would be 
superior to the sapphire substrate both in mechanical 
properties and in physical properties. 
[0018] The Czochralski method and the Bridgman 
method can make a large bulk single crystal in general. 
They grow single crystals from a material melt by solid- 
ifying gradually the melt and maintaining the equilibrium 
between liquid phase and solid phase. Unfortunately, 
neither Czochralski method nor Bridgman method can 
produce GaN bulk single crystals owing to the lack of a 
GaN melt. The vapor pressure at a high temperature is 
too large to make a GaN melt. When the GaN solid is 
heated, the GaN does not melt but does sublime. It is 
impossible to prepare a Ga melt at present. It is said 
that both high temperature and ultrahigh pressure 
would make a Ga melt in a ultrahigh pressure vessel. 
Even if a Ga melt were to be prepared, the ultrahigh 
pressure method would produce a very small GaN grain 
crystal which is of no use as a substrate. A bulk GaN 
crystal cannot be produced from a melt in the equilib- 
rium with the solid phase and the liquid phase. 
[0019] The Inventors have still believed in the special 
importance of preparing a GaN substrate despite these 
apparent difficulties. The solid belief has guided the 
Inventors to a new method of producing a GaN sub- 
strate by growing GaN on a GaAs substrate by an 
improved ELO method and etching away the GaAs sub- 
strate and the mask. The feature is the possibility of 
making a wide, freestanding bulk GaN single crystal. 



The lateral GaN growth method includes the steps of 
preparing a GaAs single crystal substrate wafer, coating 
a mask on the GaAs wafer, perforating the mask in dot- 
ted windows or in striped windows for revealing the 

5 undercoat GaAs, depositing a GaN buffer film through 
the windows of the mask upon the revealed GaAs, piling 
a GaN epitaxial film on the buffer film and on the mask, 
etching away the GaAs wafer and the mask and obtain- 
ing a freestanding GaN bulk single crystal. 

io [0020] Prior art CD and the GaN lateral growth are dif- 
ferent in the starting substrate, the mask windows and 
the final etching. <J> takes sapphire as a substrate, but 
the lateral GaN growth takes GaAs. ® maintains the 
sapphire substrate but the lateral GaN growth removes 

is the GaAs substrate. (D uses a striped window mask but 
the lateral GaN growth uses either a mask having trian- 
gularly dotted windows or a mask having striped win- 
dows. 

[0021 ] The striped window mask has an advantage of 
20 fast growth and a drawback of inviting distortion. The 
dotted window mask has a strong point of non-distortion 
and a weak point of slow growth. Here, the dotted win- 
dow mask is explained. The whole surface of the mask 
is divided into equivalent equilateral triangles having a 
25 side parallel to a certain direction without blank. The 
mask is etched at the corners of the equilateral triangles 
for making windows. The shape of the window is arbi- 
trary, e.g., round, square, ellipse, triangle or so. The 
side length (d) of the triangle is arbitrary, e.g., several 
30 micrometers. It is essential that the windows occupy the 
corners of equilateral triangles having a side parallel to 
a definite direction, which is here denoted by the y- 
direction. 

[0022] The mask has many windows populating at the 
35 corners of the equilateral triangle imagined for covering 
the mask thoroughly. Since the dotted window mask is 
formed upon the GaAs wafer, the improved ELO depos- 
its GaN films on the GaAs surface through the windows 
by a vapor phase epitaxy. The vapor phase epitaxial 
40 methods have some versions which will be explained 
later. 

[0023] The GaN lateral growth method has been 
explained in detail by Japanese Patent Application 
No.9-298300(298300/97) and Japanese Patent Appli- 

45 cation No.10-9008(9008/*98). A GaAs (111) wafer is 
prepared. A mask is formed on the GaAs (111)A sur- 
face or the GaAs(1 1 1)B surface. Windows are made by 
etching the corner points of the equilateral triangles 
having a side in [11-2] direction. Fig.1 shows the 

so arrangement of the windows. The GaAs(1 1 1)A surface 
is a plane occupied only by Ga atoms. The GaAs(1 1 1)B 
surface is a plane occupied only by As atoms. Crystal- 
lography orders to annex an upper bar above a numeral 
for expressing a minus number. Here, the minus symbol 

55 is bluntly affixed in front of the numeral. Two axes which 
meet at right angles to the GaAs(1 1 1)A surface are [1 1 - 
2] and [1-10]. Then, the coordinate is defined by y=[1 1 - 
2] and x=[1-10] on the GaAs (111) surface. The length 
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of a side of the equilateral triangle is denoted by "d". 
The aligning windows are divided into Group 1 and 
Group 2 in Fig. 1 . The windows are defined by the coor- 
dinate (x.y) of the central point. 

Group 1 x=3 1/2 kd, y=hd. (1) 

Group 2 x=3 1/2 (k+0.5)d, y«(h+0.5)d. (2) 

Here, k and h are integers. A window has six nearest 
neighbor windows. The unit vectors in the six directions 
are expressed by (±3 1/2 /2, ±1/2) and (0, ±1). 
[0024] The windows are made by etching the corners 
of the equilateral triangles of the mask. GaN is grown on 
the revealed GaAs within the isolated windows. GaN 
nuclei appear on the isolated GaAs parts separated by 
the mask. The GaN nucleus has c-axis vertical to the 
GaAs(111) surface. The GaN[1-210] is parallel to 
GaAs[1-10]. The undercoat GaAs uniquely determines 
the orientations of the GaN nuclei. Thus, all the GaN 
nuclei have a common orientation. Since the mask has 
a function of impeding the growth of GaN, GaN does not 
grow on the mask at first. The GaN films enlarge and fill 
the windows. When tops of the GaN films attain to the 
upper surface of the mask, The GaN films overflow on 
the mask and begin to grow in the horizontal directions. 
A window has six nearest neighbor windows. The GaN 
films expand toward the six neighboring windows at a 
common speed. The outlines of the GaN films are hex- 
agons, as shown in Fig.2. Since individual GaN films 
enlarge at a common speed, the GaN films come in 
contact with the nearest neighbors simultaneously, as 
shown in Fig. 3. The simultaneous contact is important. 
The individual films are integrated into a GaN film. The 
integrated GaN film begins to grow again upward for 
increasing the thickness. 

[0025] In other words, the windows are determined at 
the corners of equilateral triangles which cover the 
whole of the mask without blank. When a GaN nucleus 
enlarges in a hexagon within a window on the GaAs sur- 
face, a set of sides of the hexagon is vertical to the y- 
axis (GaAs[11-2]). Other sets of the sides incline at 30 
degrees to the y-axis. In the term of GaAs crystal, the 
hexagon has a set of sides vertical to GaAs[11-2], 
another set of sides parallel to GaAs[2-1-1] and a fur- 
ther set of sides parallel to GaAs[-12-1]. Here, the 
expression is done by basing upon GaAs orientation. 
[0026] The GaN crystal growing upon the GaAs sub- 
strate has different orientations from GaAs. GaAs 
belongs to the zinc blende type cubic symmetry group. 
Three parameters denote the orientations of GaAs. But 
GaN belongs to the hexagonal symmetry group which 
requires four parameters (Wmn) for denoting the orien- 
tations. The three parameters k, I and m are not inde- 
pendent of each other, since the three parameters 
denote a orientation on c-plane. The parameters k, I and 
m are inverses of the segments cut by an object plane 
on three main axes (a.b.d) which meet at 120 degrees 



with each other. There is a sum rule of k+l+m=0 . The 
final parameter n is an inverse of the segment cut by the 
object plane on c-axis. C-axis is vertical to a plane 
including a-, b- and d-axes. The hexagonal symmetry 

5 has six-fold rotation symmetry around c-axis. In the 
growth of GaN on GaAs, GaN c-axis is parallel to 
GaAs[111]. GaAs(111) plane has three-fold symmetry. 
GaN(0001) plane is parallel to GaAs(11 1)plane. 
GaN[10-10] is parallel to GaAs[11-2]. GaN[1-210] is 

io parallel to GaAs[-1 1 0]. 

[0027] The Inventors have succeeded in making a 
wide, thick GaN single crystal by growing GaN films on 
a masked GaAs substrate and etching away the mask 
and the GaAs substrate. 

is [0028] Fig.4(1). Fig.4(2), Fig.4(3) and Fig.4(4) show 
the steps of the eptaxial growth of GaN. Fig.4(1) shows 
a GaAs substrate and a window-perforated mask. 
Fig.4(2) shows the step of growing a GaN buffer film on 
the GaAs within the windows at a lower temperature. 

20 Fig.4(3) shows a thick epitaxial GaN film growing slowly 
on the buffer layer at a higher temperature covering the 
mask. Fig.4(4) shows an isolated GaN substrate by 
etching away the GaAs substrate and polishing away 
the mask. The buffer layer includes plenty of microcrys- 

25 tals due to the low temperature growth. The later epitax- 
ial film is grown at a high temperature for reducing 
defects. The final GaN is a freestanding wafer. The GaN 
has a width and a thickness enough to the substrate for 
devices. There are still some problems for the free- 

30 standing GaN substrate crystal. For example, the thick- 
ness, the strength, the size and the distortion are still 
the problems. 

[0029] The problem is to control the conduction type 
of a GaN crystal. Prior GaN films have been made on a 

35 sapphire substrate mainly by an MOCVD method. Sili- 
con (Si) is doped into the GaN for giving n-type conduc- 
tion to the GaN crystal by the MOCVD. Silane gas 
(SiH 4 ) is the most accessible vapor compound including 
silicon (Si). The MOCVD supplies Si as an n-type 

40 dopant into the GaN film on a sapphire substrate. Silane 
gas is combustible, perilous gas which sometimes 
induces a sudden burst. Some safer n-dopant material 
than silane gas is desired for GaN. If the n-dopant has a 
high activation rate, the n-dopant is more desirable. 

45 There is a hint on considering a new n-dopant. A non- 
doped GaN epitaxial film on sapphire reveals an n-type 
conduction property. A non-doped GaN film grown on a 
GaAs substrate by the lateral growth also reveals n-type 
conduction. Since Si is not doped, the n-dopant is not Si 

so perhaps. 

[0030] Why does the GaN show n-type conduction, 
though any n-dopant is not intentionally doped? What 
gives a non-doped GaN the n-type conduction? What is 
the cause of the n-type conduction in the non-doped 
55 GaN? What is the n-dopant? Vacancy? Hydrogen? Car- 
bon? 

[0031] A semiconductor is not necessarily intrinsic, 
even if an impurity is not intentionally doped. Even if an 
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impurity is not doped, many semiconductors take either 
n-type or p-type. Non-doped Si is n-type. Non-doped 
GaAs is n-type. Non-doped GaN is n-type. Why can 
GaN be n-type despite non-doping? 
[0032] To achieve the foregoing objects and in accord- 
ance with the purpose of the invention, embodiments 
will be broadly described herein. 
[0033] One purpose of the present invention is to clar- 
ify the n-type conduction of non-doped GaN single crys- 
tal. Another purpose of the present invention is to 
provide a method of doping an n-type impurity into a 
GaN single crystal substrate other than silicon. A further 
purpose of the present invention is to provide a method 
of making an n-type GaN bulk single crystal. A further 
purpose of the present invention is to provide an n-type 
single crystal GaN substrate. 

[0034] What gives the n-type conduction to a non- 
doped GaN substrate is oxygen. The Inventors have 
discovered the fact that oxygen plays the role of an n- 
type impurity supplying conduction electrons to the GaN 
crystal. Oxygen as n-dopant has advantages over Si, a 
well-known n-dopant. Doping of silicon requires silane 
gas (SiH 4 ) or the like. But silane gas is a dangerous gas. 
Oxygen doping to GaN is far safer than silicon doping. 
Even in the case of doping nothing, oxygen included in 
material gases remains in the synthesized GaN crystal. 
The remaining oxygen acts as an n-dopant in GaN. The 
Inventors have confirmed that the n-carrier (electron) 
density can be easily controlled by doping oxygen into a 
GaN crystal. The n-carrier concentration is in proportion 
to the oxygen concentration. This invention proposes a 
GaN single crystal substrate having n-carrier density 
between 1 x 10 16 cm" 3 and 1 x 10 20 cm* 3 based upon 
oxygen as an n-dopant. The n-carriers (electrons) are 
originated from oxygen as an n-dopant. Thus, the GaN 
substrate crystal of the present invention has an oxygen 
concentration ranging from 1 x 10 16 cm" 3 to 1 x 10 20 
cm' 3 . The Inventors found out that carbon disturbs the 
function of oxygen as an n-type dopant. Thus, the car- 
bon concentration should be suppressed below 1 x 10 18 
cm" 3 in the GaN crystal substrate of the invention. Pref- 
erably, the carbon concentration should be below 1 x 
10 17 cm" 3 . This invention requires dangerous silane gas 
no more, because the invention does not use silicon as 
an n-type dopant. 

[0035] For example, a GaN film is epitaxially grown 
upon some substrate, e.g., sapphire by a HVPE (halide 
vapor phase epitaxy) method from materials of metal 
Ga, hydrochloric gas (HCI) and ammonia gas (NH 3 ). 
The GaN film exhibits n-type conduction which has 
electrons as major carriers. Since Si is not included in 
the film, Si is not the n-dopant in the GaN. Some ele- 
ment except Si should be the n-dopant in the GaN film 
on the substrate. The fact is that oxygen atoms included 
as an impurity in material gases give the n-type conduc- 
tion to the GaN film by supplying electrons in the film. 
[0036] In a GaN crystal, oxygen is an n-type dopant. 
Non-doped GaN reveals n-type conduction. The n-type 



conduction is caused by oxygen originally included in 
the material gases, H 2 , HCI or NH 3 . The fact requires far 
strict control of oxygen as an impurity in the material 
gases for determining the carrier concentration exactly. 

s Inventor's experiments reveal the inclusion of greater 
amount of oxygen as an impurity in the material gases 
than the skilled imagine. If oxygen exhibited no function 
in GaN, the oxygen inclusion could be ignored. In fact, 
the oxygen inclusion should not be ignored, since oxy- 

w gen acts as an n-dopant of supplying n-carriers (elec- 
trons) in a GaN crystal. This invention selects oxygen as 
an n-type dopant for GaN crystals instead of Si which 
has been introduced by the dangerous gas, silane. Oxy- 
gen doping is still safer than Si doping. Another advan- 

15 tage of oxygen is a high activation rate which is nearly 
equal to 100%. The activation rate is defined as a quo- 
tient of the carrier number to the dopant number. Per- 
haps, oxygen atoms form shallow donor levels which 
easily give an electron to a GaN crystal. 

20 [0037] Furthermore, oxygen exhibits a high activation 
rate in a wide range of concentration. Oxygen acts as 
an n-dopant with a high activation rate in a wide range 
of oxygen concentration between 1 x 10 16 cm" 3 and 1 x 
10 20 cm" 3 . The range of the oxygen concentration gives 

25 a carrier (electron) concentration ranging between 1 x 
10 16 cm 3 and 1 x 10 20 cm" 3 , because the activation 
rate is nearly 100%. 

[0038] Some method adopts metallorganic materials, 
e.g., trimethyl Ga(TMG) for Ga-including material gas. 

30 An MOCVD (metallorganic chemical vapor deposition) 
starts from metallorganic Ga. In this growing method, 
carbon atoms borne by the dissociation of metallorganic 
compounds remain in the crystal as an impurity. The 
Inventors found the fact that the residual carbon atoms 

35 in the GaN crystal induce instability of carriers. Some- 
times carbon atoms act as donors making n-type carri- 
ers (electrons). Other times carbon atoms make deep 
trap levels which cancel other donors. The instability 
induced by the residual carbon is a nuisance for the 

40 exact control of carriers. The Inventors are aware of a 
decline of the intensity of photoluminescence in a GaN 
film at a high carbon concentration more than 1 x 10 18 
cm" 3 . The residual carbon atoms in the GaN should be 
suppressed to a small concentration of less than 1 x 

45 10 18 cm" 3 , preferably less than 10 17 cm" 3 for allowing 
oxygen to act effectively as an n-dopant. The Inventors 
first noticed that the growth of a GaN film on a GaAs 
substrate enables us to control the carbon concentra- 
tion in the GaN. 

so [0039] The advantage of the invention is explained. 
This invention clarifies that oxygen is an excellent n- 
dopant with an activation rate of nearly 100% in a GaN 
crystal for the first time. This invention adopts oxygen 
(O) as an n-dopant instead of silicon (Si). This invention 

55 allows exact control of the n-carrier concentration in a 
GaN crystal by adding O or H 2 0 into material gases at 
a suitable ratio. Since the activation rate is nearly 100% 
in a wide range from 1 x 10 16 cm" 3 to 1 x 10 20 cm" 3 of 
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oxygen concentration, this invention enables manufac- 
turers to produce a GaN single freestanding crystal of 
an arbitrary carrier density between 1 x 10 16 cm" 3 to 1 x 
10 20 cm" 3 . The preferable range is 5 x 10 17 cm" 3 to 5 x 
10 19 cm" 3 for both the oxygen concentration and the 
carrier concentration. The optimum concentration 
ranges from 1 x 10 18 cm' 3 to 1 x 10 19 cm" 3 both for oxy- 
gen and carriers. An increase of the carrier concentra- 
tion raises the conductivity of the GaN. Low resistance 
is a favorable property as a substrate crystal. The upper 
limit is determined by the crystalline disorder caused by 
doping high density oxygen. 

[0040] As mentioned at an early chance, GaN films 
have been piled epitaxially upon a sapphire substrate by 
the MOCVD method for fabricating blue light LEDs. The 
MOCVD uses silane gas (SiH 4 ) for doping Si as an n- 
dopant into a GaN film on the sapphire. Silane is a dan- 
gerous gas. This invention is immune from the danger 
by adopting safe oxygen gas as an n-dopant. This 
invention can produce an n-type GaN bulk single crystal 
by growing GaN films on a masked GaAs substrate and 
eliminating the GaAs and the mask. The bulk GaN crys- 
tal has n-type conduction due to the doped oxygen. 
When a blue light GalnN-LED is made upon the n-type 
GaN substrate, the bottom of the GaN substrate can be 
an n-eiectrode for directly bonded and connected to a 
stem. The LED device structure is simplified in compar- 
ison with the sapphire-based GalnN-LED. If a GalnN 
laser diode is fabricated on the n-GaN substrate, the 
blue light laser diode has a longer lifetime than the con- 
ventional sapphire-based blue light laser diode. 
[0041] Examples of the invention will be described 
with reference to the several figures of the accompany- 
ing drawings in which: 

Fig. 1 is a partial plan view of a mask having win- 
dows and covering a GaAs (1 1 1)A plane of a GaAs 
(111) substrate. 

Rg.2 is a partial plan view of the mask having win- 
dows and covering the GaAs substrate in a state in 
which epitaxially growing GaN films extend in hexa- 
gons over the windows of the mask. 

Fig. 3 is a partial plan view of the mask in a state in 
which epitaxially growing GaN films come in con- 
tact with each other in hexagons upon the mask. 

Fig.4(1) is a sectional view of a GaAs (111) sub- 
strate and a mask having periodical windows and 
being formed on the GaAs substrate. 

Fig. 4(2) is a sectional view of the GaAs substrate, 
the mask and GaN buffer layers selectively depos- 
ited through the windows on the revealed GaAs 
substrate. 

Fig.4(3) is a sectional view of the GaAs substrate, 



the mask and a GaN layer epitaxially growing far 
above the mask on the GaAs substrate. 

Fig.4(4) is a sectional view of a GaN substrate 
s obtained by eliminating the GaAs substrate and the 

mask. 

Fig. 5 is a schematic section of an HVPE apparatus 
for growing GaN films from H 2> metal Ga, HCI and 
10 NH 3 . 

Fig.6 is a graph showing the relation between oxy- 
gen concentration (cm" 3 ) and carrier concentration 
(cm 3 ) in the GaN single crystal substrate made by 
15 the present invention . 

[0042] GaN crystals can be produced on a substrate 
by the following four methods; 

20 1 . HVPE (Halide Vapor Phase Epitaxy) method 

2. MOC (Metallorganic Chloride Vapor Phase Epi- 
taxy) method 

25 3. MOCVD (Metallorganic Chemical Vapor Phase 
Deposition) method 

4. Sublimation method 

30 [0043] The HVPE method selects metal gallium (Ga) 
as a Ga material. The HVPE once makes an intermedi- 
ate compound (GaCI) by a reaction 

2Ga + 2HCI->2GaCI + H 2 

35 

and produces the object gallium nitride (GaN) from the 
gallium chloride (GaCI) and ammonia (NH 3 ) by another 
reaction 

40 GaCI + NH 3 GaN + HCI + H 2 . 

This method is named "halide", since gallium chloride 
(GaCI), a halide, is once synthesized. 
[0044] The MOC method chooses metallorganic gal- 
45 Hum, e.g., trimethyl gallium (Ga(CH 3 ) 3 ), as a Ga mate- 
rial. The MOC produces an intermediate compound 
(GaCI) by a reaction 

Ga(CH 3 ) 3 +HCI->GaCI+- • 

50 

The MOC makes GaN on a substrate from GaCI and 
NH 3 by another reaction 

GaCI + NH 3 -» GaN + HCI + H 2 . 

55 

The MOC is not a popular method. No other than the 
Applicant makes a GaN film epitaxially on a GaAs sub- 
strate at a temperature higher than 900°C by the MOC 
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method. 

[0045] The MOCVD method chooses metallorganic 
gallium as a Qa material like the MOC. The MOCVD is 
different from the HVPE and the MOC at the points of 
omitting the intermediate process. The MOCVD makes 5 
GaN at a stretch by reacting the metallorganic Ga with 
ammonia by a reaction 

Ga(CH 3 ) 3 + NH 3 -> GaN + • • • . 

10 

The MOCVD is a prevailing method. Almost all of the 
GaN epitaxial growths are done by the MOCVD method 
at present. 

[0046] The sublimation method starts from polycrystal 
GaN. It makes a GaN single crystal film on a substrate is 
by keeping the substrate at a lower temperature, heat- 
ing the polycrystal material at a higher temperature for 
subliming the polycrystal into vapor and transporting the 
vapor to the substrate by the gradient of the tempera- 
ture. 20 
[0047] This invention turns out to be suitable for 
1.HVPE method and 2.MOC method but unsuitable for 
the most prevalent 3. MOCVD method. This invention 
cannot be applied to the popular MOCVD method. 
Namely, the MOCVD method cannot realize this inven- 25 
tion, because the MOCVD adopts metallorganic Ga and 
lacks the step of making the intermediate compound 
GaCI which has a function of eliminating carbon. As told 
before, carbon atoms sometimes act as an n-dopant or 
a p-dopant and other times act as a neutral impurity in a 30 
GaN crystal. The roles of carbon are ambiguous and 
unstable in GaN. When carbon is included in a GaN 
crystal, the n-carrier density is not in proportion to the 
oxygen concentration. The density of residual carbon 
should be suppressed at most less than 10 18 cm" 3 for 35 
allowing oxygen atoms to act as an n-dopant making 
shallow donor levels and for maintaining the propor- 
tional relation between the oxygen concentration and 
the electron concentration. Although the Inventors have 
not depicted exact image about the function of the resid- 40 
ual carbon in a GaN crystal, the substantially non-car- 
bon (=i10 18 cm" 3 , preferably ^1 0 17 cm' 3 ) is the condition 
of the precise n-carrier control by oxygen. The MOCVD 
cannot prevent the carbon contained in trimethyl Ga 
from mixing into the GaN film. Slow growth allows the 45 
MOCVD to prevent carbon from mixing into GaN. Sup- 
pressing the carbon concentration below 1 x 10 18 cm" 3 
forces the MOCVD to grow a GaN film at a very low 
speed. The slow growth enhances the cost of the 
MOCVD. Thus, the prevalent MOCVD is inferior to the so 
HVPE and the MOC. 

[0048] This invention is suitable for the HVPE or the 
MOC producing GaN via the intermediate gallium chlo- 
ride (GaCI). The intermediate GaCI vapor enables both 
the HVPE and the MOC to exclude carbon atoms com- 55 
pletely or nearly completely from the GaN crystal by 
refining the material gases deliberately. The oxygen 
concentration is proportional to the free electron (n-car- 



rier) concentration in the HVPE-made or MOC-made 
GaN crystal. Exact prescription of oxygen in the mate- 
rial gas is essentia! for controlling the n-carriers by the 
doping oxygen. For this reason, oxygen and water 
should be completely removed from material gases by 
repeated refinements till the oxygen density and the 
water density attain values below the detectable limits. 
After the complete refinement, a desired number of 
hydrogen or water molecules are added to the material 
gases. 

[0049] Oxygen gas or water is available for doping 
oxygen. Oxygen or water should be added to a congen- 
ial gas. Both the MOC and the HVPE use HCI gas, H 2 , 
gas and NH 3 gas. The MOC further uses trimethyl Ga 
gas bubbled and carried by H 2 . It is convenient to add 
oxygen or water to H 2 gas (carrier gas), HCI gas or NH 3 
gas. Oxygen or water contained in HCI produces gal- 
lium oxide (Ga 2 0) by reacting with the metal Ga or the 
metallorganic Ga. The Ga 2 0 effectively is taken into the 
synthesized GaN film. 

[0050] Other way of doping oxygen into a GaN crystal 
is an addition of oxygen or water into NH 3 gas which is 
supplied to the furnace in a diluted form of (NH 3 +H 2 ) 
gas. It is convenient to add oxygen or water once to H 2 
and to mix NH 3 with the H 2 . 

[EMBODIMENT 1 : GaN/GaAs: HVPE method: three 
kinds of HCI gases] 

[0051 ] A GaAs(1 1 1 ) wafer is prepared for a substrate 
crystal. A silicon dioxide (Si0 2 ) insulating film is formed 
uniformly upon the GaAs(111)A plane. Photolithogra- 
phy perforates a plenty of dottedly-populated square 
windows on the Si0 2 mask for revealing the undercoat 
GaAs surface partially within the windows, as shown in 
Fig. 1. Each window is a square of a 2 ^m long side. A 
set of dotted windows align with a 4 long spatial 
period (d=4nm) in series in parallel with (11-2) -direc- 
tion of the GaAs substrate. Being distanced by 3.5 
nm(=3 1/2 d/2) in vertical direction <-110>, a second set 
of windows align with a half period shift with the same 
period in series in the same direction as the former set. 
A third set of windows align with a half period shift with 
the same period in the same direction as the former 
sets. Similar alignments of windows are repeated on the 
mask. The centers of the nearest neighboring three win- 
dows form an equilateral triangle of a 4 ^m long side in 
parallel with (11-2). This step makes a masked GaAs 
wafer substrate. 

[0052] A GaN buffer layer is piled till a thickness of 
80nm at a comparatively low temperature of about 490 
°C upon the masked GaAs substrate by the HVPE 
apparatus. Then, the wafer is further heated up to a 
temperature between 920°C and 1050°C. A GaN epi- 
taxial layer is further piled on the buffer layer and the 
mask till a thickness of about 200 urn by the same 
HVPE apparatus. 

[0053] The growing conditions and the thicknesses of 
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the GaN buffer layer and the GaN epitaxial layer are as 
follows; 



(GaN buffer layer) 


490°C 


80nm 


(GaN epitaxial layer) 


920°C~ 1050°C 


200 |irn 



[0054] At an early stage, plenty of isolated GaN nuclei 
are borne upon the surface of the GaAs revealed within 
the windows of the mask. The orientation of the GaN 
nuclei is determined by the orientation of the undercoat 
GaAs crystal. GaN single crystal grains gradually grow 
from the GaN nuclei. The orientations of the grains are 
ruled by the undercoat GaAs. All the grains have the 
common orientation through the undercoat GaAs single 
crystal substrate. The GaN grains fill the windows of the 
mask. When the GaN grain crystals have filled the win- 
dows, the GaN crystals overflow upon the mask from 
the windows and develop on the mask in hexagons 
according to the crystal orientation of the undercoat 
GaAs, as shown in Fig.2. The overflowing GaN films 
also have the similar orientation to the undercoat GaAs. 
The isolated GaN films from the windows come into 
contact with the other films growing from the neighbor- 
ing windows, as shown in Fig.3. Since all the isolated 
films are growing from their own windows at the same 
velocity in hexagons, the joints of the neighboring films 
form many hexagons like a honeycomb. The isolated 
films are integrated into a single film. Then the height of 
the integrated GaN film further increases in the HVPE 
apparatus. 

[0055] Embodiment 1 chooses the HVPE (Halide 
Vapor Phase Epitaxy) method for making the GaN crys- 
tal. The HVPE method comprises the steps of preparing 
a quartz boat having metal Ga, storing the Ga-contain- 
jng boat in the reaction furnace, heating the boat up to 
more than 800 °C , supplying hydrochloric gas (HCI) on 
the metal Ga in the furnace for synthesizing gallium 
chloride (GaCI), supplying ammonia gas NH 3 to the 
GaAs substrate wafer for making NH 3 react with the 
GaCI and growing GaN on the substrate. The carrier 
gas is hydrogen both for HCI and NH 3 . 
[0056] Fig.5 shows a section of the HVPE apparatus. 
The HVPE apparatus has a vertically elongating fur- 
nace 1 . The vertical furnace 1 is equipped with a cylin- 
drical heater 2. Shorter and longer material gas inlet 
tubes 3 and 4 are inserted at the top of the furnace 1. 
The shorter material gas inlet tube 3 introduces hydro- 
chloric gas (HCI) and hydrogen gas (H 2 ). Hydrogen gas 
is a carrier gas for HCI. The longer material gas inlet 
tube 4 introduces ammonia gas (NH 3 ) and hydrogen 
gas (H2). Hydrogen gas is a carrier gas for NH 3 . The fur- 
nace 1 contains a Ga boat 5 just beneath the shorter 
material gas inlet tube 3. A Ga-melt 6 is filled in the Ga 
boat 5. A shaft 8 vertically pierces the bottom of the fur- 
nace 1 . The shaft 8 can rotate and move up and down 



in the furnace 1 . The shaft 8 holds a susceptor 7 on its 
top. A GaAs wafer 9 is put on the susceptor 7. The fur- 
nace 1 is provided with an exhaustion outlet 10 at the 
bottom for making the furnace vacuous. The exhaustion 

5 outlet 10 communicates with a vacuum pump (not 
shown in the figures). HCI gas and H 2 gas go into the 
furnace 1 from the gas inlet 3. NH 3 gas and H 2 gas are 
introduced to the furnace 1 from the gas inlet 4. HCI gas 
reacts with the Ga melt 6 for making gallium chloride 

10 (GaCI). The reaction is expressed by 

2Ga + 2HCI->2GaCI + H 2 . 

[0057] The HVPE method adopts metal Ga as the Ga- 
rs source. Metal Ga is a melt in the furnace. The HVPE 
(Halide vapor phase epitaxy) requires the material in 
vapor phase. The Ga melt is not vapor. Then, gallium 
chloride (GaCI) is once synthesized from the Ga melt 
and hydrochloric gas (HCI). GaCI takes vapor phase at 
20 a high temperature. Hydrogen gas can convey the GaCI 
gas from the Ga-boat to the object GaAs substrate. This 
method is called "halide" VPE, since it uses a "chloride" 
of Ga as Ga-material. Unlike the MOCVD, the HVPE 
does not use metallorganic compounds. The difference 
25 among the HVPE, MOC and MOCVD is the difference 
of the Ga-material. The N-material is ammonia (NH 3 ) 
which is common for the three methods. 
[0058] Three kinds of gases (a), (b) and (c) are used 
as a material of HCI gas; 

30 

(a) HCI gas containing about 2000 ppm water 
(H 2 0) as an impurity, 

(b) HCI gas containing about 150 ppm water (H 2 0) 
35 as an impurity, 

(c) high purity HCI gas purified many times. 

[0059] As mentioned before, HCI gas. in general, 
40 includes oxygen and water as an impurity. Only repeti- 
tions of refinements exclude oxygen and water from HCI 
gas. 

[0060] When the growth of the GaN film on the 
masked GaAs wafer finishes, the GaAs wafer is cooled. 

45 The GaAs wafer is taken out of the furnace. A continual 
mirror film of GaN coats the GaAs substrate. The sub- 
strate has a hybrid stratum structure of GaN/GaAs. 
Aqua regia can solve GaAs. The GaAs substrate is 
eliminated in aqua regia. GaN has resistance against 

50 aqua regia. Thus, only the GaN film remains. The GaN 
film has a thickness of about 200 um. The GaN crystal 
film is freestanding due to the sufficient thickness. The 
freestanding GaN film is a single crystal. The single 
crystal GaN can be a GaN substrate for making GaN- 

55 like devices. 

[0061] A plurality of GaN substrate crystals are pro- 
duced by the method of the embodiment 1 by taking 
three kinds of HCI gases (a), (b) and (c) for investigating 
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the relation between n-carrier (electron) concentration 
and oxygen concentration. The oxygen concentration 
and the n-carrier concentration in the sample GaN sub- 
strate crystals are measured. The oxygen concentration 
is measured by the SIMS (Secondary Ion-Mass Spec- 5 
trography) which bombards the sample GaN substrate 
crystals with ions of inert gas, induces emission of sec- 
ondary ions from the object GaN substrate crystals, 
counts the ions in divided ranges of energy, makes a 
spectrum of the secondary ions and calculates the 10 
ratios of the elements existing in the sample. The con- 
centration of n-carriers (electrons) is determined by the 
Hall measurement. 

[0062] The separated GaN substrate crystals reveal n- 
type conduction although Si is not doped into the GaN. 75 
Instead of Si, O acts as an n-type impurity for giving the 
n-type conduction to the GaN crystal. The electron (n- 
carrier) density is in proportion to the oxygen density. 
The carrier gas, hydrogen, contains oxygen or water. 
The nitrogen-source, ammonia, also contains oxygen or 20 
water. Then, the influence of water accompanies even 
the case of using purified HCI (c). 

[EMBODIMENT 2: GaN/GaAs; HVPE method; H 2 0 
added HCI gas] 25 

[0063] A GaN crystal is made on a GaAs substrate by 
a similar manner to embodiment 1. Namely, a GaN 
buffer layer and a GaN epitaxial layer are produced 
upon a masked GaAs wafer by a HVPE method supply- 30 
ing HCI+H 2 to a Ga melt for converting Ga to GaCI and 
supplying NH 3 + H 2 for making NH 3 react with GaCI, 
and making GaN on the GaAs substrate. Embodiment 2 
differs from embodiment 1 at the HCI + H 2 gas which is 
supplied to the Ga-melt. Instead of HCI including water, 35 
hydrogen H 2 gas contains water. The prepared gases 
are; 

(d) high purity HCI gas refined several times, 

40 

(e) humid hydrogen gas produced by bubbling 
ultrapure water with hydrogen gas. 

[0064] A mixture of (d) and (e) at an arbitrary rate is 
supplied to the heated Ga-melt in the HVPE furnace. 45 
The rate H 2 0/HCI is continually varied in a range 
between 0 and 3000 ppm. Namely, 
0^H 2 O/HCI^3000ppm. In the first reaction of 

2Ga + 2HCI->2GaCI + H 2 , so 

since water (H 2 0) included in H 2 gas, oxygen mixes into 
GaCI. An isolated GaN substrate is obtained by solving 
the GaAs substrate by aqua regia. The GaN substrate 
reveals n-type conduction despite of non-existence of 55 
Si. The carrier density is in proportion to the oxygen 
density. Embodiment 2 confirms that oxygen acts as an 
n-type impurity in GaN and water in H 2 is also effective 



for giving n-type conduction to GaN. 

[EMBODIMENT 3; GaN/GaAs: HVPE method; 0 2 
added HCI gas] 

[0065] Embodiment 3 makes a GaN single crystal film 
upon a masked GaAs substrate wafer in a similar way to 
embodiment 1. Like embodiment 1, a GaN buffer layer 
and a GaN epitaxial layer are grown by the HVPE 
method on a GaAs substrate by utilizing a mask having 
windows positioned at corners of equilateral triangles. 
The HCI gas is different from that of embodiment 1. 
Instead of water, oxygen is intentionally added to the 
HCI gas. Embodiment 3 introduces oxygen into the 
GaCI gas through the HCI gas. Prepared gases are; 

(f) high purity HCI gas refined several times, 

(g) high purity oxygen gas. 

[0066] A mixture (HCI+0 2 ) of (f) and (g) at an arbitrary 
rate is supplied to the heated Ga-melt in the HVPE fur- 
nace. The rate 0 2 /HCI is continually varied in a range 
between 0 and 3000 ppm. Namely, 
0=iO 2 /HCI^3000ppm. In the first reaction of 

2Ga + 2HCI->2GaCI + H 2 , 

oxygen included in HCI mixes into GaCI gas. A free- 
standing GaN substrate crystal is obtained by solving 
the GaAs substrate and the mask by aqua regia. The 
produced GaN substrate reveals n-type conduction. 
The carrier density is in proportion to the oxygen den- 
sity. Embodiment 3 confirms that oxygen acts as an n- 
type impurity in GaN and 0 2 included in HCI gas is also 
effective for giving n-type conduction to GaN. 

[EMBODIMENT 4; GaN/GaAs: HVPE method; H 2 0 
added NH 3 gas] 

[0067] Embodiment 4 makes a GaN single crystal film 
upon a masked GaAs substrate wafer in a similar way to 
embodiment 1. Like embodiment 1, a GaN buffer layer 
and a GaN epitaxial layer are grown by the HVPE 
method on a GaAs substrate by utilizing a mask having 
windows positioned at corners of equilateral triangles. 
The NH 3 gas is different from that of embodiment 1 . 
Instead of HCI, water is intentionally added to the H 2 
carrier gas of NH 3 . Thus, NH 3 gas substantially includes 
water (H 2 0). Embodiment 4 introduces oxygen into the 
GaCI gas through the NH 3 gas. Prepared gases are; 

(h) high purity NH 3 gas refined several times, 

(i) humid hydrogen gas produced by bubbling 
ultrapure water with hydrogen gas . 

[0068] A mixture (NH 3 +H2) of (h) and (i) at an arbitrary 
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rate is supplied to react with GaCI in the HVPE furnace. 
It is not always necessary to guide all the carrier hydro- 
gen gas into the bubbler. It is enough to make a part of 
hydrogen gas pass through the bubbler for making 
humid NH 3 . The ratio of water in the humid ammonia 5 
gas is changed by controlling the temperature of the 
bubbler. The rate of H 2 0/(H 2 +NH 3 ) is continually varied 
in a range between 5 ppm and 50 ppm. Namely, 5ppm^ 
H 2 O/(H 2 +NH 3 )^50ppm. Since the amount of supplied 
NH 3 gas is larger than HCI gas, the ratio of 10 
H 2 0/(H 2 +NH 3 ) is smaller than the case of adding water 
to HCI gas. It is verified that oxygen is effectively 
included in the GaN crystal, even if the ratio of 
H 2 0/(H 2 +NH 3 ) is small. 

15 

[EMBODIMENT 5; GaN/GaAs: HVPE method; 0 2 
added NH 3 gas] 

[0069] Embodiment 5 makes a GaN single crystal film 
upon a masked GaAs substrate wafer in a similar way to 20 
embodiment 1 . Like embodiment 1 , a GaN buffer layer 
and a GaN epitaxial layer are grown by the HVPE 
method on a GaAs substrate by utilizing a mask having 
windows positioned at corners of equilateral triangles. 
The NH 3 gas is different from that of embodiment 1 . 25 
Instead of HCI, oxygen (O2) is intentionally added to 
NH 3 . Two kinds of ammonia gases (NH 3 +H 2 ) including 
lOppm and 100ppm oxygen gas are used in embodi- 
ment 5. Namely, the rates are O 2 /(H 2 +NH 3 )=10ppm and 
100ppm in the ammonia gas. Since the amount of sup- 30 
plied NH 3 gas is larger than HCI gas, the ratio of 
0 2 /(H 2 +NH 3 ) is smaller than the case (embodiment 3) 
of adding oxygen to HCI gas. 

[0070] Fig.6 shows the result of measurements of oxy- 
gen concentration and n-carrier concentration in 38 35 
samples of embodiments 1 to 5. The n-carrier is an 
electron. The abscissa is oxygen concentration (O) (cm" 
3 ). The ordinate is carrier concentration (n) (cm" 3 ). The 
diagonal line is drawn for showing the relation of 0=n, 
on which the carrier concentration is equal to the oxy- 40 
gen concentration. One sample corresponds to one dot. 
There are 38 dots in the graph. Two dots lie on the O-n 
diagonal line. Four dots lie below the 0=n line. 32 dots 
distribute above the 0=n line. The fact that the meas- 
urement dots lie nearly on the 0=n line signifies that 45 
oxygen is the n-dopant in the GaN crystals of the 38 
samples. 0=n means that each of the oxygen donors 
gives an electron to the GaN crystal. 0=n is the line of a 
100% activation rate. 32 samples show an inequality of 
O < n. The fact that the carrier concentration is bigger so 
than the oxygen concentration. The activation rate is 
more than 100% for oxygen. The Inventors cannot 
understand the reason of the activation rate over 1 00% 
yet. It may be caused by the difference between the 
object point (n) of the Hall measurement and the object 55 
point (O) of the SIMS. 

[0071 ] Fig.6 confirms that the carrier concentration (n) 
is in proportion to the oxygen concentration (O) in the 



GaN samples of embodiments 1 to 5. It verifies the con- 
trollability of the carrier concentration by controlling the 
oxygen concentration. Fig.6 shows further that the 
equality of 0=n is maintained in a very wide range of the 
oxygen concentration from 1 x 10 16 cm" 3 to 1 x 10 20 cm" 
3 The wide range of equality means the excellency of 
oxygen as an n-dopant. 

[0072] In general, carrier concentration is one of the 
objects which are frequently measured in semiconduc- 
tor researches. The carrier density can be easily meas- 
ured by the Hall measurement. The concentration of 
oxygen is not an object which is frequently measured. 
The oxygen measurement of the SIMS is not a facile 
measurement. Thus, nobody has noticed the possibility 
of oxygen donors before this invention. The repetitions 
of oxygen measurement by the SIMS taught us some 
facts. Even if a GaN crystal is made from the HCI gases 
(a) to (c) of embodiment 1 by the HVPE, the concentra- 
tions of the absorbed oxygen in the GaN are not a con- 
stant. Despite the use of the similar HCI gas, the oxygen 
concentrations in the GaN crystals fluctuate. It may be 
partly because other factors than HCI gas in embodi- 
ment 1 determine the ratio of the oxygen mixing in the 
GaN crystals. The oxygen concentration also depends 
upon the growing temperature (T) and the growing 
speed (v) of GaN. 

[0073] The above measurements are done on the 
GaN crystal made by the HVPE method. A similar rela- 
tion between oxygen and carrier of Fig.6 is also con- 
firmed in the GaN crystals fabricated by the 
MOC(metallorganic chloride) method which makes 
GaCI by the reaction between Ga(CH 3 ) 3 and HCI and 
synthesizes GaN by the reaction between GaCI and 
NH 3 . In both methods, carbon is excluded in the step of 
making the intermediate compound GaCI. 

Claims 

1. A gallium nitride single crystal substrate being 
doped with oxygen as an n-type dopant and con- 
taining no foreign element as a component of the 
substrate. 

2. A gallium nitride single crystal substrate as claimed 
in claim 1 , wherein concentration of electron ranges 
from 1 x 10 16 cm' 3 to 1 x 10 20 cm" 3 . 

3. A gallium nitride single crystal substrate as claimed 
in claim 1 , wherein concentration of oxygen ranges 
from 1 x 10 16 cm" 3 to 1 x 10 20 cm" 3 and concentra- 
tion of carbon is less than 1 x 10 18 cm' 3 . 

4. A gallium nitride single crystal substrate as claimed 
in claim 1, wherein concentration of silicon is less 
than 1 x 10 17 cm" 3 

5. A method of producing a gallium nitride single crys- 
tal substrate comprising the steps of: 
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preparing a GaAs(111) substrate, coating the 
GaAs substrate with a mask, etching the mask 
for making windows; 



materials, makes GaCI from metallorganic Ga and 
HCI, and produces GaN by making the GaCI react 
with NH 3 . 



growing a GaN buffer layer on the masked s 
GaAs substrate by a first via-GaCI method 
which converts a Ga material once to GaCI and 
makes the GaCI react with NH 3 for producing 
GaN; 

10 

growing a GaN epitaxial layer by a second via- 
GaCI method which converts a Ga material 
once to GaCI, makes the GaCI react with NH 3 
for producing GaN from materials of HCI, NH 3 
and H 2 at least one of which contains oxygen is 
(O2) or water (H 2 0); 



eliminating the GaAs substrate and the mask; 
and 

obtaining a freestanding n-type GaN single 
crystal substrate having oxygen as an n- 
dopant. 



6. A method as claimed in claim 5, wherein the mask 25 
has dotted windows lying at points which corre- 
spond to corners of equilateral triangles having a 
side parallel with [1 1 -2] direction of the GaAs sub- 
strate and covering the surface of the mask without 
gaps. 30 



7. A method as claimed in claim 5, wherein the mask 
has parallel striped windows in parallel with either 
[11-2] direction or [1-10] direction of the GaAs sub- 
strate. 35 



8. A method as claimed in claim 5, wherein the first 
via-GaCI method is an HVPE method which 
employs metal Ga, HCI, H 2 and NH 3 as materials, 
makes GaCI from metal Ga and HCI, and produces 40 
GaN by making the GaCI react with NH 3 . 

9. A method as claimed in claim 5, wherein the sec- 
ond via-GaCI method is an HVPE method which 
employs metal Ga, HCI, H 2 and NH 3 as materials, 45 
makes GaCI from metal Ga and HCI, and produces 
GaN by making the GaCI react with NH 3 . 

10. A method as claimed in claim 5, wherein the first 
via-GaCI method is an MOC method which so 
employs metallorganic Ga, HCI, H 2 and NH 3 as 
materials, makes GaCI from metallorganic Ga and 
HCI, and produces GaN by making the GaCI react 
with NH 3 . 

55 

11. A method as claimed in claim 5, wherein the sec- 
ond via-GaCI method is an MOC method which 
employs metallorganic Ga, HCI, H 2 and NH 3 as 
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